uterus. 12, 48, 51, 59, 61, 64, 67 Aggressive vertebral hemangiomas are also more common in adults but have been reported in children as well. 11, 18, 44, 54 It is generally agreed that surgical intervention is warranted when hemangiomas cause pain or neurological symptoms, however the optimal treatment strategy is controversial. 1, 31 Some surgeons have used less-invasive strategies, such as vertebroplasty, endovascular or percutaneous embolization, ethanol injection, and radiation therapy. Others recommend surgery in the form of decompression, gross-total resection, or even en bloc resection. Because of the relative infrequency of these lesions and sparse reporting in the literature, there are few studies with long-term follow-up that directly compare treatment modalities. Also, some authors reported on a heterogeneous group of patients who had local pain referable to intracompartmental vertebral hemangiomas without neural compression or aggressive features. 50 For this reason, we feel it is important to publish our own institutional experience along with a thorough review of the literature.
Methods
A departmental database was searched for all patients who underwent surgery and had a pathological diagnosis of "hemangioma" between 2008 and 2015. Medical records and radiology studies were retrospectively reviewed to identify patients with aggressive vertebral hemangiomas. All patients underwent both CT and MRI routinely. In cases where the diagnosis was uncertain based on the imaging studies, a biopsy was performed to rule out other diagnoses that might require different treatment. All patients in this series underwent surgery for subtotal resection, gross-total resection, or en bloc resection, and preoperative embolization was performed when appropriate. Patients with mechanical instability of the spinal column following resection underwent concurrent instrumented fusion. In some cases in which a partial vertebrectomy was necessary for resection of the tumor, intraoperative vertebroplasty was used to augment the load-sharing capacity of the remaining vertebral body. In other cases in which a complete vertebrectomy was performed, a structural cage was placed. Patients with spinal tumors are managed by a multidisciplinary team of neurosurgeons, orthopedic surgeons, oncologists, and radiation oncologists at our institution. This team determined whether patients underwent adjuvant radiation therapy and at what dose. When reviewing patient records, information was collected regarding age, sex, location of the tumor, preoperative embolization, surgical technique, spinal reconstruction, estimated blood loss (EBL), complications, and recurrence. The patient's clinical status at follow-up was also recorded.
results
Five patients who underwent surgical treatment of aggressive vertebral hemangiomas were identified. In this series, 4 patients were female and 1 was male. The mean age at the time of surgery was 51.4 years (range 30-71 years). Four patients presented with neurological deficits that were referable to the hemangioma, and 1 patient presented with worsening back pain postpartum. Neurological deficits included radiculopathy, myelopathy, and neurogenic claudication. Imaging in all patients demonstrated aggressive features such as involvement of the entire vertebral body, extension into the posterior elements, expansion of bone, and epidural extension. Two lesions were located in the lumbar spine and 3 were located in the thoracic spine.
Two patients underwent percutaneous biopsy prior to surgery. Four patients were treated with preoperative embolization to minimize bleeding during the operation. All surgeries were performed from a posterior-only approach. In 2 cases, subtotal resection was performed with a goal of decompressing the thecal sac; in 2 cases, piecemeal gross total resection was performed; and in 1 case, en bloc spondylectomy was performed. Both of the patients who underwent gross-total resection and one of the patients who underwent subtotal resection had intraoperative vertebroplasty (Fig. 1) . Four patients required an instrumented fusion at the time of surgery to prevent the possibility of iatrogenic instability. The patient who underwent en bloc resection also required anterior column reconstruction with a titanium cage (Fig. 2) . One patient (Case 5) who underwent piecemeal gross-total resection did not require instrumented fusion. Estimated blood loss was recorded in 4 of the 5 cases and ranged from 400 to 500 ml for patients who underwent subtotal or gross-total resection. The EBL for the patient (Case 1) who underwent en bloc spondylectomy was 1800 ml. This patient was also the only patient who experienced early or late complications as a result of surgery (Table 1) .
One patient (Case 2), the patient who underwent subtotal resection but did not require vertebroplasty, received fractionated proton radiotherapy (45 Gy in 25 fractions) (Fig. 3 ). Patients were followed for an average of 31 months (range 3-65 months). No patient has experienced clinical or radiographic recurrence, and all of the patients' symptoms have resolved, except for the patient who underwent en bloc resection, who continues to have back pain.
illustrative Case
A 45-year-old female (Case 5) presented with rightsided flank pain consistent with a thoracic radiculopathy. She underwent a CT scan and subsequent MRI, which revealed an aggressive vertebral hemangioma centered within the T-8 vertebral body with bony and soft tissue extension into the spinal canal and right T8-9 neural foramen (Fig. 4) .
Because her symptoms were due to a focal bony prominence displacing the right T-8 nerve root, it was felt that nonoperative treatment modalities, including radiation, embolization, vertebroplasty, or ethanol injection, would not be useful as stand-alone therapies. Surgery was therefore scheduled to resect the lesion with preoperative embolization under the same anesthesia to minimize the risk of blood loss.
On the day of surgery, an angiogram was performed for embolization. During the angiogram a hypervascular blush was observed at the T-8 vertebral body with supply from both the right and left T-8 segmental arteries. The embolization was completed with coils and N-butyl cyanoacrylate (NBCA), and following this the hypervascular blush was no longer seen.
The patient was then taken to the operating room and turned prone on an open Jackson table. A semilunar incision was made, and a flap of skin, subcutaneous tissue, and fascia was rotated medially over the spinous processes. A right-sided periosteal exposure was then performed, revealing only the base of the spinous process, lamina, and facet joints from T-7 through T-9 while keeping the posterior longitudinal ligament and muscular attachments intact. A hemilaminectomy was then created from the inferior aspect of T-7 to the superior aspect of T-9. A medial facetectomy was performed at T7-8 and T8-9, and the medial portion of the T-8 and T-9 pedicles was removed with a high-speed drill. The T-8 nerve root was now exposed as it passed caudal to the pedicle, and it was ligated proximal to the dorsal root ganglion. At this point, the tumor was visible and was separated from the dura with a Penfield No. 4 dissector. Both a soft tissue and a bony component of the tumor were seen in the epidural space and tracking into the right T8-9 neural foramen. The soft tissue component was removed with a scalpel and a small pituitary rongeur. The bony component was subsequently removed with the drill. The tumor that remained in the foramen was removed with an angled curette. Using the drill followed by a series of straight and angled curettes the central portion of the hemangioma within the vertebral body was then removed. Because this required resection of a large portion of the vertebral body, intraoperative vertebroplasty was performed under fluoroscopic guidance to restore the anterior load-sharing capacity at that segment. Instrumentation was not required due to the preservation of the midline tension band and the facets. The wound was closed in layers.
Following surgery, the patient recovered to her neurological baseline. At her first follow-up appointment her symptoms were completely resolved and she reported only a small area of numbness in the distribution of the right T-8 nerve root, which had been sacrificed. At her most recent follow-up visit, 8 months after surgery, she continued to do well with no clinical or radiographic signs of recurrence.
Discussion
Vertebral hemangiomas were first reported by Virchow in 1863 and were first associated with neurological symptoms by Gerhardt in 1895. Later, in 1927, Makrykostas described how "ballooning" of the vertebrae or epidural extension of a vertebral hemangioma could result in spinal canal stenosis and neurological symptoms. 52 Despite our long-standing recognition of aggressive vertebral hemangiomas, there is still controversy regarding the optimal treatment strategy, and numerous therapeutic options have been described (Tables 2-4).
radiation therapy
Radiation therapy was recognized as an effective strat- egy for the treatment of aggressive vertebral hemangiomas by the 1930s. Since that time it has been recommended as a primary modality only for the treatment of slowly progressive lesions primarily because the therapeutic effects are delayed. 19, 32, 45, 52 In 1951, Manning 52 described several cases in which radiation therapy resulted in complete resolution of symptoms and controlled local progression of disease. Glanzmann et al. 30 described a series of 62 patients treated with radiation therapy between 1939 and 1975 and reported that 60% experienced permanent improvement. In 1985, Faria et al. 24 described a series of 9 patients with symptomatic vertebral hemangiomas treated with radiation therapy and reported that 77% had complete or nearcomplete resolution of symptoms, including a woman who had presented with paraplegia during pregnancy. They also reported that no patient who initially responded to treatment experienced recurrence of disease. Yang et al. 70 reported on 23 patients with aggressive hemangiomas who underwent radiation therapy and found that over 80% experienced relief of pain and sensory symptoms and 5 of 7 patients who presented with paraplegia regained the ability to walk. In another study of 17 cases in which patients were treated with radiation, 87.5% had complete resolution of pain, 66.7% of patients had complete resolution of numbness or paresis, and 66.6% of patients with paraplegia recovered completely. In this study the patients who did not recover had long-standing paraplegia and presumably irreversible spinal cord injury. 6 In 2014, Jiang et al. 45 published a retrospective series of 29 consecutive patients with aggressive vertebral hemangiomas. In this series 10 patients with slowly progressive neurological deficits underwent radiation therapy alone, but the treatment failed in 2 cases, and those 2 patients required surgery. A retrospective analysis of pooled data suggests that there is a dose-effect relationship for the treatment of symptomatic vertebral hemangiomas with radiation alone, and the authors recommended a total dose of 40 Gy. 58 In 2010, Aich et al.
3 treated 7 consecutive patients with aggressive vertebral hemangiomas with 40 Gy of external beam radiation therapy over 4 weeks and noted that all of the patients tolerated treatment well and demonstrated improvement in motor strength. At last follow up, 6 of 7 had either no weakness or mild weakness only. With the development of intensity-modulated radiation therapy, it may be possible to safely deliver higher doses of radiation while avoiding complications such as radiation myelopathy and pulmonary radionecrosis, but this has not been shown in patients with vertebral hemangiomas. 3, 16, 62 It should be noted that the radiographic appearance of aggressive vertebral hemangiomas has not been reported to change after a number of years, even with successful treatment. 24, 52 This likely indicates that radiation is effective at controlling pathological vascular tissue but does not have a radiographically demonstrable effect on the surrounding bony tissue. For this reason authors have suggested that radiation alone may be less effective for patients who have neurological compression due to focal bone hypertrophy. 16 
vertebroplasty
Vertebroplasty with methyl methacrylate cement has been described in the treatment of vertebral hemangiomas since the late 1980s. 74 This technique not only provides hemostatic embolization, but also improves the load-bearing capacity of the anterior column. Feydy et al. 25 reported 2 cases of painful cervical vertebral hemangiomas that were treated with vertebroplasty, resulting in immediate resolution of symptoms, but neither of these lesions had cortical expansion or epidural extension characteristic of aggressive vertebral hemangiomas. Some authors have recommended against the use of vertebroplasty alone in the treatment of aggressive hemangiomas as the cement may form a dense cast including the epidural portion of the cavity. 1, 32 Others have used vertebroplasty in these cases with success and have reported shrinkage of the epidural component due to decreased vascularity. 34, 45 One case in which vertebroplasty was used to treat an aggressive hemangioma with epidural disease was complicated by leaking of cement into the spinal canal. 23 Guarnieri et al. 34 published a series of 24 cases of vertebral hemangiomas including 6 with aggressive features and noted that none of the patients had recurrent symptoms at 4-year follow-up. Balloon kyphoplasty has been reported to decrease the risk of cement leakage. 46, 74 Either kyphoplasty or vertebroplasty may also be used intraoperatively in conjunction with decompressive surgery as we have done with several of our patients in the present series. 41 
ethanol Ablation
Percutaneous ethanol ablation of aggressive vertebral hemangiomas was first described in 1994 by Heiss, Doppman, and Oldfield. 38 A series of 14 patients with aggressive vertebral hemangiomas treated with percutaneous ethanol ablation showed that 93% of patients had an "excellent" or "good" clinical result within 14 months of the procedure. 32 Another series of 11 patients with aggressive vertebral hemangiomas treated with ethanol injection showed complete obliteration of the lesions on postprocedure angiography and no recurrence at follow-up of 15-76 months. 17 Although this treatment strategy has been effective in ameliorating neurological symptoms, there is little long-term data on the rate of recurrence and numerous complications have been reported, including osteonecrosis, vertebral collapse, transient neurological deterioration, spinal cord injury, hemodynamic instability, and asystole. 17, 32, 38, 55, 63, 69 To avoid the risk of vertebral collapse, some surgeons may inject lower doses of ethanol or combine ethanol injection with percutaneous vertebroplasty. 13, 17 A case report by Chen et al. 10 also describes the successful treatment of an aggressive vertebral hemangioma using ethanol injection in combination with endovascular embolization with no clinical or radiographic recurrence at 21-month follow-up. Nevertheless, because there are other treatment options with comparable clinical outcomes and fewer complications, alcohol ablation has fallen out of favor.
endovascular embolization
Vertebral hemangiomas are highly vascular lesions and one of the greatest risks of surgical intervention is uncontrollable hemorrhage. 4, 6, 19 In 1951, without the benefit of modern surgical technology, Manning estimated the operative mortality rate associated with resection of a vertebral hemangioma to be 20%-25% due to uncontrollable bleeding. 52 In the 1970s it was suggested that angiography could be used not only to confirm the diagnosis but also to perform endovascular embolization of the feeding arteries in order to reduce vascularity of the tumor and decrease blood loss during surgery. 8, 19, 22, 37, 50, 53, 59, 73 The benefits of embolization were confirmed in a systematic review that included 51 patients with aggressive vertebral hemangiomas. This study found that in the group that received preoperative embolization, blood loss was significantly less than in the group that did not (980 vs 1629 ml, respectively). 60 Cotten et al. 15 reported that preoperative embolization can be used in combination with vertebroplasty to even further reduce blood loss during surgery.
Endovascular embolization has also been proposed as a definitive treatment for aggressive vertebral hemangiomas without surgery. 7, 33, 39, 57 Gross et al. 33 describe a case involving a patient who had a high-grade spinal block due to a vertebral hemangioma that was relieved following endovascular embolization with Gelfoam. Hekster and Endtz 39 treated a patient with an aggressive vertebral hemangioma causing paraplegia with embolization followed by radiotherapy and found that the patient had an excellent clinical outcome with no recurrence at 15 years. Raco et al. 57 reported on 2 patients who underwent embolization alone, both of whom had clinical improvement and remained free from recurrence at 18 and 36 months following the procedure. Other authors have reported more negative experiences, however. Kiroglu et al. 48 published a case report describing a woman who developed symptoms from an aggressive vertebral hemangioma during pregnancy and was initially treated with embolization but developed recurrent spinal cord compression 2 years later. Likewise, in a retrospective review of 8 patients, Smith et al. 65 did not find that any of their patients experienced improvement with embolization alone. Embolization is also generally contraindicated when feeding vessels supply the artery of Adamkiewicz as well as the hemangioma; in addition, surgeons must be cautious of reflux of the embolic material into the intercostal or lumbar arteries. 16, 32 As an alternative, transpedicular embolization with NBCA has been described, and this may be useful when transarterial embolization is unsafe. 28, 71 surgery Surgical decompression and gross-total resection are commonly performed in the treatment of aggressive vertebral hemangiomas. Acosta et al. 2 performed a retrospective review of 10 cases involving patients who underwent gross-total resection of aggressive vertebral hemangiomas with preoperative embolization followed by intralesional spondylectomy. They reported no recurrence at an average follow-up of 2.42 years and concluded that gross-total resection decreased the likelihood of recurrence without the need for radiation therapy. Another retrospective review described 4 patients who were treated with preoperative embolization followed by either decompressive laminectomy and fusion or an anterior corpectomy for gross-total resection. In this study, 1 patient had a subtotal resection without adjuvant radiation therapy and later developed recurrence at 15 months. The other 3 patients, however, had no recurrent disease at 45-72 months. 68 Goldstein et al. 31 recently described a large multicenter cohort of 68 patients with symptomatic vertebral hemangiomas treated with surgery and reported a local recurrence rate of 3%. In this series, 7 patients with aggressive vertebral hemangiomas underwent en bloc resection with no recurrence of tumor.
Because of conflicting data in the article it is not clear how many patients with aggressive vertebral hemangiomas underwent intralesional resection-which in this study could mean either subtotal or gross-total resection-but there was at least 1 patient who had an intralesional resection without radiation therapy and developed a recurrence (at 5.3 years after surgery). Many authors have recommended surgery followed by adjuvant radiation therapy. Jayakumar et al. 43 published a case series involving 12 patients with spinal cord compression from aggressive vertebral hemangiomas who were treated with preoperative embolization, decompressive laminectomy for subtotal resection, and adjuvant radiation therapy. Eleven of the 12 patients had favorable clinical outcomes, but long-term follow-up data on recurrence were not provided. Djindjian et al. 16 presented a similar case involving a man with an aggressive vertebral hemangioma treated with embolization, decompressive surgery, and postoperative radiation who had complete resolution of his symptoms and no recurrence within 6 years. Bremnes et al.
9 described yet another case involving a patient with an aggressive vertebral hemangioma who did well with decompressive laminectomy and subtotal tumor excision followed by radiation. In 1993, Fox and Onofrio 26 published a study including 10 patients with aggressive vertebral hemangiomas resulting in spinal cord compression who underwent subtotal resection and 1 patient who underwent gross-total resection. Two of 5 patients who underwent subtotal resection without adjuvant radiation developed recurrence at 5-6 years postoperatively. One of 5 patients who underwent subtotal resection with adjuvant radiation developed a recurrence 17 years postoperatively, but this patient only received 10 Gy radiation, whereas the other 4 patients without recurrence received between 26 and 45 Gy. Several studies discussed above suggest that 10 Gy is an ineffective dose, and this may be the reason for the late recurrence. 3, 40, 58 The remaining patient had grosstotal resection without adjuvant radiation therapy and did not have recurrence of disease. 26 In the retrospective series by Jiang et al., 45 21 cases involving patients with severe or quickly evolving neurological deficits underwent surgery for aggressive vertebral hemangiomas, including 2 patients who had surgery after failure of radiation therapy. Most patients underwent preoperative embolization followed by decompressive surgery or subtotal resection, sometimes in combination with vertebroplasty. The authors found that 3 of the 6 patients who underwent decompression without radiation therapy developed recurrence 12-108 months postoperatively. None of the patients who had a total resection or were treated with a combination of radiation and surgery had any recurrence at 24-133 months' follow-up.
Within the last 10 years there have been occasional reports of en bloc resection of aggressive vertebral hemangiomas in the literature. En bloc tumor removal is technically challenging and is associated with a high rate of morbidity. One systematic review reported a 36.3% complication rate for en bloc resection spinal tumors.
14 Another study reported higher rates of revision for patients who had en bloc resection when compared with those who had piecemeal resection of spinal tumors. 20 As a result, this operation is generally reserved for patients with a pathological diagnosis such as chordoma or chondrosarcoma for which there is a proven survival benefit.
In 2007, Inoue et al. 42 reported performing an en bloc spondylectomy for removal of an aggressive vertebral hemangioma involving the vertebral body, pedicle, and lamina of L-2. When the decision to perform an en bloc resection was made, the authors had obtained a nondiagnostic biopsy and believed the tumor was a more ominous primary spinal column tumor, evidence that would suggest it should be removed en bloc. However the postoperative pathology revealed an aggressive vertebral hemangioma. The authors acknowledge that, had they known the correct pathological diagnosis, they would have performed only a percutaneous vertebroplasty instead. Although they reported that the patient did well following surgery, the operation itself required an anterior and posterior approach, took over 9 hours, and involved 4000 ml of blood loss even with preoperative embolization. Kato et al. 47 performed a retrospective review of 5 cases involving patients with aggressive vertebral hemangiomas treated with preoperative embolization followed by total excision. Two patients underwent en bloc excision, 2 patients underwent a combination of en bloc and piecemeal excision, and the remaining patient underwent piecemeal excision. Regardless of surgical approach, all patients remained free of recurrence at 92-163 months of follow-up. Despite the lack of oncological benefit, the authors recommended en bloc excision as the treatment of choice because the single patient who underwent piecemeal resection had increased blood loss when compared with the patients who underwent en bloc resection (3400 ml vs an average of 2300 ml). Other reports of en bloc resection of hemangiomas have been published in the literature within the last few years. Although they do not report any complications from surgery or recurrence of tumor, they do not demonstrate superiority of en bloc surgery to piecemeal gross-total resection. 31, 35, 56, 66 institutional experience
In our series of 5 cases, regardless of the surgical strategy-subtotal resection, gross-total resection, or en bloc resection-none of the patients had developed recurrent disease at average follow-up of 31 months. Although the 2 patients who underwent subtotal resection both had definite tumor left behind at the time of surgery, they each received either vertebroplasty or adjuvant radiation therapy to obliterate the remaining tumor, so we considered these lesions to be fully treated. Our experience suggests that there is only a low likelihood of recurrence for aggressive vertebral hemangiomas, and this has been confirmed throughout the existing literature. The patient who had the worst outcome and the most difficult treatment course was the patient who underwent en bloc resection and had multiple complications requiring several further surgeries. Although this is only one case, it is known from other tumor pathologies that en bloc resection is a highly morbid operation and that gross-total resection or subtotal resection with vertebroplasty or adjuvant radiation might provide similar control of the tumor with much lower morbidity.
Conclusions
Treatment of aggressive vertebral hemangiomas has been controversial in neurosurgery for over a century. Multiple therapeutic options have been described with varying degrees of success, including radiation, vertebroplasty, ethanol injection, embolization, surgery, and any combination thereof. The technical approach to surgery has also been debated, with some authors recommending decompression alone, others supporting gross-total resection, and still others who have recommended en bloc resection. Because aggressive vertebral hemangiomas are uncommon lesions, there are no large studies that directly compare treatment modalities, and there is therefore no strong evidence to support one particular therapeutic algorithm.
Despite this, based on our own experience and a careful review of the literature we feel that certain principles should still be followed. For patients with an uncertain radiological diagnosis, percutaneous biopsy should be performed to rule out lesions that can mimic an aggressive hemangioma. 29, 36, 45, 49 For patients with aggressive vertebral hemangiomas who present with mild or slowly progressive neurological symptoms, it is reasonable to attempt nonoperative management with embolization, vertebroplasty, or radiation therapy provided the symptoms are not due to compression by a focal bony prominence, which is unlikely to resolve without surgery. For patients with severe or rapidly progressive symptoms, surgery should be considered, with preoperative embolization when possible. Piecemeal gross-total resection and en bloc resection both seem to have good clinical outcomes with a low likelihood of tumor recurrence, but piecemeal gross-total resection is preferable due to lower rates of complication and reoperation. If it is only possible to perform a decompression or subtotal resection, vertebroplasty or adjuvant radiation therapy should be considered to reduce the risk of recurrence. Aggressive vertebral hemangiomas are benign lesions that do not have metastatic potential and are not associated with mortality. 31 So even if a tumor recurs after subtotal resection, a second decompressive surgery may still be performed with a low risk of morbidity.
